ABSTRACT: An enzyme-linked immunosorbent assay (ELISA) for the detection of infectious pancreatic necrosis virus (IPNV) antibodies in rainbow trout Oncorhynchus mykjss was assessed. There was close agreement between the results of the ELISA and a neutralisation test for detecting lPNV antibody when fish sera were tested by both methods. The differences between the ELISA and virus neutralisation are most likely because antibodies against different virus epitopes reacted in the 2 techniques. The sample correlation coefficients of ELISA absorbance values and neutralisation titres for 2 different population~ of fish were -0.42 and 0.78. Reasons for those differences are discussed. Combined data from 4 different IPNV positive fish groups showed that virus was isolated from 29.9% (32/107) of the fish, whereas more than twice that number were antibody positive by the ELISA. All the virus positive fish were also antibody positive by the ELISA and/or neutralisation. Although the ELISA did not detect all virus positive individuals, it potentially has a role in detecting rainbow trout populations previously exposed to IPNV.
INTRODUCTION
It has been known for over 25 yr that rainbow trout Onco~.hynchus mykiss produce antibody against infectious pancreatic necrosis virus (IPNV) (Wolf & Quimby 1969) , but over that time, there have been few reports of the use of screening rainbow trout for antibody against IPNV as an epidenliological tool (Yamamoto 1975 , Wizigmann et al. 1983 , Reisshauer & Rapp 1984 , Hoppe & Wernery 1985 , Ahne et al. 1986b , Bragg 1991 . The screening method used in the majority of those reports was virus neutralisation, which is generally more labour intensive than virus isolation, and may explain why the routine screening of fish sera for neutralising antibody has not been used more extensively. The fluorescent antibody test has been employed to detect IPNV antibodies in rainbow trout sera 'E-mail: p.f.dixon@dfr.maff.gov u k "Present address: Birds Eye Walls, Martins Score, Lowestoft, Suffolk NR32 lJG, UK (Ahne et al. 1986a, b) but even though it was more rapid and sensitive than virus neutralisation, it has not been widely used.
The virus used in the neutralisation test has to be a strain that will not be neutralised by normal trout serum. Jsrgensen (1973) reported that sera from rainbow trout with no history of IPNV neutralised the virus, a finding confirmed by Dorson & Kinkelin (1974) , who showed that the component of the sera responsible for neutralisation had a sedimentation coefficient of 6 S; normal sera possessing that component will be referred to as 6 S sera. Virus isolates that had been passaged in cell culture a low number of times were usually resistant to neutralisation by 6 S sera whilst those at a high passage number were usually neutralised by the sera (Dorson et al. 1975 (Dorson et al. , 1978 ; resistance of IPNV isolates passaged in cell culture to neutralisation by 6 S sera could be selected for, or maintained by, the addition of 6 S sera to the culture medium (Hill & Dixon 1977) . IPNV isolates of different serotypes are neutralised by 6 S sera (Ahne 1980 , Kelly & Nielsen 1985 . There are at least 10 serotypes of IPNV in 2 serogroups, determined using rabbit antisera (Hill & Way 1995) . which also needs to be taken into account when undertaking antibody screening. Ralnbow trout sera can discriminate between IPNV serotypes in neutralisation and fluorescent antibody tests, although some sera cross-react (to a lesser degree) with heterologous serotypes (Ahne et al. 198613, Kelly & Nielsen 1990) . Each IPNV serotype has a restricted geographic distribution (B. J. Hill & K. Way pers. comm.), which means that in areas where the IPNV serotypes present are known, antibody screening tests can be designed accordingly, although that may not permit deteciion of antibodies against new or newly introduced serotypes.
In recent years, there have been more published reports of the use of antibody screening as a measure of previous exposure of fish to pathogens, including viruses. The tests may be used for health screening, assessing the humoral response to a vaccine, or assessing the humoral response to a n infection. Microneutralisation tests for detecting fish antibodies against viral pathogens have been developed (HattenbergerBaudouy et al. 1989 , Dixon et al. 1994 , but a greater number of immunoassays have been described for detecting such antibodies. They include those for detecting antibodies against viral haemorrhagic septicaemia virus (VHSV) (Cossarini-Dunier 1985 , infectious haematopoietic necrosis virus (IHNV) (Jerrgensen et al. 1991 , Ristow et al. 1993 , spring viraemia of carp virus (SVCV) (Dixon et al. 1994) , striped jack nervous necrosis virus (Mushiake et al. 1992 ) and infectious pancreatic necrosis virus (IPNV) in Atlantic salmon Salmo salar (Hgvarstein et al. 1990 ). This report describes an enzyme-linked immunosorbent assay (ELISA) to detect rainbow trout antibody to IPNV, after both experimental a n d natural infections.
MATERIALS AND METHODS
Virus. IPNV strain 31/75 (Sp serotype = serotype A2; Hill & W a y 1995) (Dorson et al. 1975 ) was grown In BF-2 cells, titrated and purified as previously descr~bed (Dixon & Hill 1983a) . Briefly, the purification procedure involved stirring a virus harvest with polyethyle n e glycol 6000 and sodium chloride for 16 h at 4OC, centrifuging the mixture at 1800 X g for 1 h, and then layering the resuspended pellet onto 15-45 % llnear sucrose gradients which were centrifuged at 45000 X g for 2 h; the opaque virus-containing band was harvested, diluted in buffer and centrifuged at 95000 x g for 1.5 h, after which the virus pellet was resuspended in buffer. It was used in virus neutralisation, tests (see below) and, at the passage number used, was not neutralised by rainbow trout serum having 6 S activity.
Antiserum to rainbow trout immunoglobulin. Rabbit antiserum (no. 966) was kindly provided by Dr M. Dorson, INRA, Jouy-en-Josas, France. It was purified and conjugated with alkaline phosphatase (hereafter called 966 conjugate) as described by Lorenzen & Dixon (1991) .
Fish sampling. Rainbow trout were obtained from commercial fish farms in England which had been regularly tested for IPNV at the Fish Diseases Laboratory (FDL), Weymouth. Different sources of fish were used: (1) 12 l-yr-old fish that were survivors of an experimental IPNV infection (as described by Hill et al. 1980 ) initiated when they were 8 wk old; (2) 20 mixed fingerling, 1-and 2-yr-old fish from an IPNV negative site (Site A); (3) 44 l-yr-old fish from a n IPNV positive site (Site B); (4) 18 mixed fingerling, 1-and 2-yr-old fish from an IPNV positive site (Site C); and (5) 33 mixed fingerling, 1-and 2-yr-old fish from an IPNV positive site (Site D). Fish were transported to the laboratory, where they were anaesthetised with MS-222 (Sandoz) and bled from the caudal vessels. Blood from fish from sources 1, 2, 4 and 5 was collected in heparinised syringes, and the blood from fish from source 3 was collected in non-heparinised syringes, transferred to another container and allowed to clot overnight at 4OC. After severing the spinal cord of each fish, pieces of liver, kidney, spleen and pancreas-caecae were removed and pooled. Different sterile instruments were used for each fish and each fish was individually tested for virus and antibody.
Sample processing. All centrifugation steps were done at 4OC. Serum was removed from blood clots and clarified by centrifugation at 1000 X g for 10 min. Heparinised blood was centrifuged at 200 x g for 15 min. The serum or plasma samples were divided into aliquots then tested immediately or stored at -20°C until tested. The pelleted blood cells were washed twice in Hank's balanced salt solution (HBSS), diluted to 4 ml, overlaid onto a Percoll (Pharmacia Biotech) step gradient (1.065 and 1.080 densities) then centrifuged at 400 X g for 40 min. Leucocytes at the interface of the Percoll 1.ayers were harvested, diluted 1:2 in HBSS then centrj.fuged at 1000 X g for 10 min. After removal of the supernatant, the cell pellet was frozen (-20°C), thawed and diluted to 4 m1 in maintenance medium (MM) (Glasgow modification of Eagle's medium supplemented with 2% foetal calf serum) for virus isolation. Tissue samples were homogenised, diluted 1:5 in MM containing a high level of antibiotics (MM-HLA) [l000 IU ml-l penicillin G (sodium salt) and 1 m g ml-' streptomycin sulphate], clarified at 1500 X g for 15 min and then diluted with MM-HLA to a final dilution of 1 : 100 for virus isolation.
Virus isolation. BF-2 cells were inoculated with the samples and incubated for 5 d at 15°C. Cultures were frozen (-20°C) then thawed; those not showing cytopathic effect (CPE) were passaged at a 1:10 dilution, whereas those showing CPE were passaged at 1:100. The cells were observed for a further 7 d.
Virus neutralisation. Serum or plasma samples were diluted in MM in full and half logarithmic (base 10) steps from 2 X 10-2 to 2 x 10-5 and mixed with an equal volume of MM containing approximately 200 plaqueforming units of IPNV and incubated at 20°C for 1 h. Of this mixture, 200 p1 were adsorbed in triplicate to BF-2 cells on multiwell plates (34 mm diameter wells) for 1 h, removed and replaced with 2 m1 of agarose overlay. After incubation for 3 to 4 d at 15°C the cells were fixed and stained (Dixon & Hill 1983a ) then the 50% plaque neutralisation titre (50 % PNT) calculated. The 50 % PNT is expressed in the text as a reciprocal value.
ELISA for IPNV antigen. The ultra-rapid ELISA described by Dixon & Hill (1983b) was used to confirm the presence of IPNV in cell cultures exhibiting CPE. The absorbance at 405 nm (A,,,) of the reaction product was read on a microplate reader (MR 7000, Dynatech). Each plate contained positive and negative controls. Positive samples had an at least twice that of the negative control.
ELISA for rainbow trout antibodies against IPNV. Microtitre plates were coated with purified IPNV (0.8 pg ml-', 200 p1 well-') in carbonate buffer pH 9.6 and incubated overnight at 25°C. Following a wash in phosphate buffered saline (PBS), the wells were blocked with 1.5 % bovine serum albumin (BSA) for 1 h at 37°C. Plates were washed in PBS containing 0.05% Tween 20 (PBST), then plasma or serum samples were added in duplicate (200 p1 well-') and incubated for 1 h at 25°C. The samples had been diluted 1:10 in PBST containing 1 % BSA (PBST-BSA), then heated at 55OC for 25 min (modified from Ahne et al. 198613) pri.or to their addition to the microtitre plates. Following a wash in PBST, the working dilution of 966 conjugate in PBST-BSA (1:700) was added (200 p1 well-') and incubated for 1 h at 25°C. That working dilution had previously been determined by checkerboard titration against a range of known IPNV antibody positive and negative rainbow trout sera from different sources (as determined by their virus neutralising ability coupled with the disease history of the sources). The plates were again washed in PBST and then incubated with p-nitrophenol phosphate substrate, 200 p1 well-', for 1 h at 37°C. The reaction was stopped by the addition of 50 p1 well-' of 3 M sodium hydroxide and the absorbance of the hydrolysis product read as above. Each plate contained positive and negative controls. See 'Results' for determination of the positive-negative cutoff point.
Statistical analysis. Minitab (Minitab Inc.) or Excel (Microsoft Corporation) computer software was used for statistical analysis.
RESULTS
Antibody ELISA positive-negative cut-off point IPNV was not isolated from tissues or leucocytes of rainbow trout from Site A (no hlstory of IPN disease) and so the fish from that site were considered to be truly IPNV negative. The mean (+-SE) value of plasma was 0.097 (k 0.013), range 0.078 to 0.130. For subsequent assays the positive threshold was calculated as the greater ,4405 value of either 0.2 (twice the above mean value, rounded up), or twice the plate negative control ,4405 value. In practice, the former method was used for all data presented here, as the latter value was always less than 0.2.
Antibody in experimentally infected fish
All of the plasma samples from experimentally infected fish contained IPNV neutralising antibody, with 50% PNTs ranging from 700 to 40000. All the plasma samples were also antibody positive by the ELISA (Table 1) . IPNV was isolated from 8 of the tissue extracts, but was not isolated from any of the leucocyte samples. There was no correlation between 50 % PNT and ELISA value (sample correlation coefficient, K, = -0.42); there was also no association between whether or not IPNV was isolated and 50% PNT or ELISA A,,, value. Of the serum samples from fish from Site B (IPNV positive site) 50% (22/44) contained IPNV neutralising antibodies and 54.5% (24/44) were positive by the ELISA using the positive threshold of 0.2 (Table 2) . Three fish (nos. 5, 8 and 16) were only just ELISA positive using that threshold value; all of those fish were negative for neutralising antibody and for virus. If those fish are considered to be ELISA negative, the number of ELISA ~o s i t i v e fish reduces to 47.7% (21/44). There was a close correspondence between the results of the 2 antibody detection methods (Table 3) , and a greater correlation between ELISA A450 values and 50 % PNTs ( r = 0.78) compared with the experimentally infected fish. Only 24.5% (9/44) of the fish were positive for IPNV [confirmed as Sp (A2) serotype], and all virus positive fish were also antibody positive by ELISA and/or 50 % PNT (Table 3) .
ELISA antibody detection in fish from Sites C and D
The ELISA A,o5 values for plasma samples from Sites C and D (IPNV positive sites) and virus isolation results are shown in Table 4 ; 50% PNTs of these samples were not measured. No virus was isolated from the leucocyte extracts from fish from either site. None of the 3 2-yr-old fish from Site C were virus positive, but virus was isolated from the other 2 age groups; antibody positive fish were found in all 3 age groups. Conversely, only the 2-yr-old fish from Site D were virus positive but again IPNV antibody was found in all 3 age groups. All virus positive fish from both sites were also antibody positive. The viruses isolated from both sites were Sp (A2) serotype.
DISCUSSION
An immunoassay for the detection of IPNV antibody in rainbow trout was assessed. There was close agreement between sera or plasma that were antibody positive by the ELISA and those that had neutralising anti- 2) . However the correlation between A405 value and 50% PNT differed for the 2 groups of fish tested by both methods. There was a negative correlation (r = -0.42) for plasma from experimentally infected fish, but a positive correlation (r = 0.78) for serum from naturally infected fish. The fish were of a similar age, but had been obtained from different sources and held under different conditions (fish farm or laboratory) as well as having been infected in different ways and most likely at different times. The sample sizes were also different (12 experimentally infected fish and 44 naturally infected fish). It is not known which, if any, of these factors is responsible for the differences observed; testing sera from one group of fish and testing plasma from the other group would not account for the differences (authors' unpubl. data). Ristow et al. (1993) reported a significant correlation between ELISA and 50% PNT for antibody against IHNV in experimentally infected rainbow trout. Two sera from fish from Site B were ELISA negative but 50% PNT positive, whereas 4 sera were ELISA positive but 50 % PNT negative. We are confident that the 50% PNT detected neutralising antibody rather than the non-specific 6 S factor as the test virus was known to be resistant to neutralisation by normal rainbow trout sera under conditions in which a 6 S-sensitive virus was neutralised (data not shown). This dispallty between virus neutralisation and other antibody detection methods has been reported previously in assays to detect fish antibodies against IPNV (Ahne et al. 1986131, SVCV (Dixon et al. 1994) , VHSV (CossariniDunier 1985, J~r g e n s e n et al. 1991, Olesen et al. 1991) and IHNV , Ristow et al. 1993 ). These results suggest that, as with rhabdoviruses , Dixon et al. 1994 , the 2 methods are detecting different antibodies against IPNV. It is known from studies with monoclonal antibodies against IPNV that there are specific neutralisation epitopes (Caswell-Reno et al. 1986 , Lecomte et al. 1992 , Shankar & Yamamoto 1994 , Frost et al. 1995 ; hence neutralising antibody will only bind to those epitopes, whereas antibody reacting in the ELISA may bind to those and to other epitopes. There will be different clones of lymphocytes in the fish producing neutralising antibody which is specific for different IPNV epitopes, and it is possible that not all of the clones will produce antibody which reacts in the ELISA. Likewise, other antibodies which react in the ELISA will not react in the neutralisation test. The proportions of the different antibody types in certain fish sera may be such that they will only be identified by one of the methods. That may have a bearing on whether there is a correlation between ELISA AdOS value and 50 % PNT; such positive correlation as was observed in this study may not reflect the same antibody molecules reacting in each test, rather a reflection of the overall level of total antibody in the sera.
The criterion for a serum being ELISA positive was that it should have a n A4O5 value greater than 0.2. That value was twice the average value of sera from an IPNV-negative site. It is inevitable that A,,, values of some test sera will he close to the positive threshold and that was seen in sera from Site B (Table 2) where 2 sera had values of 0.209 and 1 serum had an AdOS value of 0.202. As those sera were also neutralising antibody negative and the fish were virus negative, it could be argued that those sera were false positives in the ELISA. However, reasons for non-agreement of ELISA and neutralisation results have been discussed above; note also that fish no. 1 from Site B was a definite ELISA positive, but was neutralising antibody negative. A new positive threshold of 0.22 could be set (twice the sum of the average A405 value and ~t s standard error of sera from the IPNV-negative site) which would make the 3 borderline positive sera from Site B ELISA negative without affecting the ELISA status of any other sera from that site. If that revised positive threshold is also applied to sera from Sites C and D, there is no change in the number of ELISA antibody positive fish at Site C. However, 6 fish at Site D (nos. 8, 15, l ? , 27, 28 and 32 ) would become ELISA antibody negative. All of those fish were virus negative. Fish no. 4 from Site D, a virus positive fish, would become borderline ELISA antibody positive (Ado5 value 0.221). Whatever positive threshold is set, it is necessary to be circumspect about borderline positive results particularly d they are the only positive results obtained.
At each of Sites C and D, 3 different age groups of fish were tested, although unfortunately the numbers of 2-yr-old fish were low. Specific antibody was detected by the ELISA in each age group at each site (Table 4 ) . The results of virus isolation from those fish do not conform to any pattern, particularly with regard to Site D. At Site C, there were both antibody positive and virus positive flsh in the fingerling and l-yr-old groups; 1/3 2-yr-old fish was antibody positive, but none were virus positive. No significance can made of the results of the 2-yr-old fish because of the small sample size. In contrast, at Site D all 9 fingerling fish (6 using the positive threshold of 0.22), 11/29 l-yr-old fish (8 using the positive threshold of 0.22) and all 5 2-yr-old fish were antibody positive, but only the 2-yrold fish had detectable virus. Several previous studies have shown that IPNV neutralising antibody can be detected in virus negative trout (Wizigmann et al. 1983 , Reisshauer & Rapp 1984 , Hoppe & Wernery 1985 , Mangunwiryo & Agius 1988 although the extent of any neutralisation of virus by 6 S serum in those studies is unknown, and Hattenberger-Baudouy et al. (1989) reported a similar result for IHNV. In this study, differences in the sensitivity of the cells to infection with IPNV should not have been a reason why IPNV was only isolated from the 2-yr-old fish at Site D, as the virus isolation work for fish from that site was done on one occasion with the same cells. A n y virus in the fingerling and l-yr-old fish may have been below the level of detection (note that we find the BF-2 cell line the most sensitive for isolating IPNV, authors' unpubl. data), may have comprised an unusually high level of defective interfering particles (Nicholson & Dexter 1975) , may have been present as non-infectious immune complexes, may have been present in organs not tested (although the organs tested are regarded as the best source of IPNV, see McAllister 1993), or may have been eliminated from the fish. It is not known why the 2-yr-old fish should differ from the other 2 age groups, but the fact that they were of different age groups meant that they contracted the virus at different times, and were kept at different locations on the site. Consequently, differences between the age groups are likely.
It was not the intention in this study to compare different methods of virus isolation, but in addition to isolatj.on of IPNV from tissues, isolation of the virus from leucocytes was attempted using flsh from 4 of the 5 sites tested, a total of 79 individual fish. Virus was not isolated from any of the leucocyte samples tested; however, 20 of the samples did come from fish on an IPNV negative site. IPNV has been isolated from trout leucocytes in other studies by CO-cultivation (Yu et al. 1982 , Ahne & Thomsen 1986 , Rodriguez Saint-Jean 1991 , or after sonication ; such methods for isolating virus from leucocytes may be more sensitive than that used in this study.
Antibody detection was more sensitive than virus isolation as a means of determining previous exposure of the fish to IPNV. Combin.ing the data from the experimentally infected fish and those from the IPNV positive sites, virus was isolated from the tissues of 29.9% (32/107) of the fish whereas antibody was detected by the ELISA in 72.0% (76/107) of the fish (or 62.6% 67/10?, based on the positive threshold of 0.22). Possible reasons for that difference have already been discussed. In a proportion of the fish it is likely that virus had been eliminated and residual antibody was measured. The ELISA detected specific antibody in fish from all 3 IPNV positive sites and so it has potential to be used in health screening programmes to determine past exposure to the virus (but not necessarily current presence of virus); however, it must be noted that the n.umber of different sites tested was small. All of the fish that had isolatable virus were positive for antibody. Of the 17 virus positive fish that were tested by both antibody detection methods, 15 were positive by the ELISA, and 16 were positive by the 50 % PNT There are not enough data to determine whether one antibody detection method is more sensitive than the other, but it is clear that neither method alone can be used to forecast which individual fish will have isolatable virus.
.
---
The ELISA method for detection of rainbow trout antibodies to IPNV makes screening of large numbers of samples possible and has the benefits of economy, speed and ease of use. Further evaluation will detcrmine whether ELISA antibody testing could replace virus isolation as a means of assessing exposure of rainbow trout populations to IPNV. The ELISA could also b e used to measure the humoral response of fish to an IPNV vaccine and so provide a rapid means of detecting responders, although there would b e no indication as to whether the fish are protected. However, extrapolating from the results presented here on response to infectious virus, it is possible that on an individual fish basis, some responders to a vaccine may b e missed
The IPNV isolate used as antigen in the ELISA was of the Sp (A2) serotype, which is the most frequently occurring serotype in rainbow trout in England and Wales (the source of fish to b e tested for antibody should the ELISA be used routinely at FDL); the Ab serotype (serotype A3; Hill & Way 1995) also occurs in England and Wales, but infrequently (1 or 2 isolations in several years). It is not known whether rainbow trout antibodies against Ab (A3) serotype virus wo.uld react in this ELISA, but Atlantic salmon antibodies against the IPNV N1 strain did not react, or reacted only at a low level with other IPNV serotypes in an indirect ELISA, although there were differing results in a competition ELISA using the same serum (Hbvarstein et al. 1990 ). If IPNV serotypes do not cross react to any significant degree in the ELISA, antigens of relevant serotypes would need to be incorporated into the assay. Non-specific reactions caused by the presence of antibodies against other pathogens may occur in serological tests, but the prevalence of such reactions in the ELISA, if they occur at all, will only b e known after further trials of the method. Work is in progress to determine the limitations of the ELISA.
